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noticed  in  operating  time  for  SVM,  KNN  and  D‐Tree  classifiers  and  which  eventually  enhanced  the  classification 
accuracy. Thus, the proposed method incorporating ML using terahertz waves can be beneficial for precise estimation 
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 By  2050,  global  food  production  will  need  to  increase  by  an  estimated  70%  in  developed 
countries and 100% in developing countries to match current trends in population growth In 
most countries, agriculture is considered as the spine in the overall development of countries 
especially in developing countries due to its significant role in enhancing economic 
development of country. 
 
 Agriculture contributes approximately 20% of total greenhouse gas emission in Scotland and 
therefore makes a significant contribution to the total UK greenhouse gas emissions. 
Uncontrolled application of the pesticides, fertilisers and other resources are the major 
contributing factors  
 
 
 Standard sensors and systems have been employed to meet the huge requirement of crops 
productivity, appropriate usage of fertilizers, capable of detecting small amounts of impurities 
in soil and pathogens in plants, nutrients deficiencies in plants have not obtained prolific 
results in agriculture sectors and clearly appears to be unfeasible and unachievable. 
 
 This motivates our work to develop a novel and innovative approach employing nano-sensors 
and machine learning at molecular level in plants to improve reliability, enhancing the 
sensitivity in detecting the bacteria or fungus in plants with precise quantification at the early 
stage and at molecular level which would help in reducing usage of pesticides and effective use 




• Overview of current sensor 
technologies used for the automated 
detection and identification of host-
plant interactions. These sensors can be 
implemented in precision agriculture 
applications and plant phenotyping on 
different scales from single cells to 
entire ecosystems. Depending on the 
scale, different platforms can be 
operated and consequentially different 
plant parameters can be observed 
Sensing Technologies for Precision Agriculture 







































• Terahertz frequencies are used its 
non ionization hazards for 
biological tissues, and less 
susceptibility to some of 












Applications of Nano-scale 
The nano‐scale  IoNT sensory data enables new applications  that are  limited or unavailable  in  the  IoT e.g., 
Healthcare, Environmental, Agricultural monitoring, Military and  Industry 
 












Time Domain Spectroscopy 
Hyper-spectral Imaging 
Magnetic Resonance Imaging 
Terahertz Existing technologies for Monitoring  
Health Status and Water Content of Leaves 
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Water content in monitoring health status of leaves 
• In the past decade, climate 
transformations have predicted an 
increment in the occurrence of scarcity 
of water resources in many parts of 
world. 
 
• This growing deficiency of water has 
caused enormous challenges in various 
fields of plant science sector. 
 
• The realization of water as an important 
and fundamental component requires in 
photosynthesis, nutritional transport, 
and to the timely growth of plant leaves. 
 
• In this work, a novel and non-invasive 
technique is presented to estimate the 
water content (WC) at cellular level in 
plants leaves in using a terahertz 
sensing 























Calibration Kit (wR – 1.0) 
• Transmission Electron Microscope (TEM) 
• Scanning Electron Microscope (SEM) 
Samples  
• Fresh leaves (Baby leaf, Peashoot, Spinach) 
• Digital scale and Vernier Calliper 
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Location 1   
Location 3  
Location 2  
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Results  







Fig. 3: Demonstration of Measuring the weight and thickness of 
leaves using digital scale and Vernier calliper respectively   
• It was aimed to analyse the variations of 
water content (WC) in all three leaves for four 
consecutive days and its effect on absorption. 
 
• It was noticed that baby-leaf contained a high 
volumetric WC followed by pea-shoot and 
spinach leaf.  
 
• As days progressed, the weights of all leaves 
were drastically reduced due to the 
evaporation of WC from leaves, thus, creating 
more air-cavity in leaves.  Fig. Water content of the leaves from day 
1 to day 4 
Real and Imaginary Permittivity  
Fig. Permittivity (Real and Imaginary) response of all three leaves from day 1 to 4 
using a frequency range from 0.75 THz  to 1.1 THz. 
Nicolson‐Ross‐Weir (NRW) method 
Permittivity Response of Leaves at Three Various 
Locations-  
Correlation of Real Permittivity and Loss of Water 
Content in Leaves Over four Consecutive Days 
Machine Learning Applications  
Some  of  the  prominent  and  notable  contributions  where  ML  have  been 





modern  agriculture  systems,  to  enhance  yield  production  by  utilizing  the water 
distribution effectively           
Flow Chart – An approach followed 
 
• Data Collection and Pre-Processing --  
• Classification of all Frequency features   
     (Raw Data) 
• Feature Extraction  
• Feature Selection 











Classification of days: flow chart and identification of TRR 
  
1.01 THz at index 
150 
0.92 THz at index 
100 
0.82 THz at index 
50 
Target Response Region 
w1      w2       w3        w4        w5 
1. Data Collection 
2. Establish a Target Response Region 
3. To find optimum features  
• Feature extraction of frequency domain (10 features) 
• The observations obtained from VNA were in frequency domain form, 
which can be used to extract the frequency domain features in TRR range 
directly. The variance of the Power Spectral Density (PSD) and the peak 
value of Cross Power Spectral Density (CPSD) : 














































• In the TRR range, five frequency windows, D1,…,D5, with equal width of each frequency window were taken into.  
By applying IFFT to transmission response of observations 
































































Mean of AV (MAV) 
STD 




25th percentile (Q1) 





Reference signal: measured by connecting the 
two halves of the corrugated waveguides of the 
MCK without sample between them together.  
By applying STFT or Wavelet to time domain signal of observations 
 Feature extraction of time‐frequency domain (4 features) 















Mean 1 PSD (D1) 12 Subband1 22 
Variance 2 PSD (D2) 13 Subband2 23 
MAV 3 PSD (D3) 14 Subband3 24 
STD 4 PSD (D4) 15 Subband4 25 
MAD 5 PSD (D5) 16     
Skewness 6 CPSD (D1) 17     
Kurtosis 7 CPSD (D2) 18     
PCC 8 CPSD (D3) 19     
Q1 9 CPSD (D4) 20     
Q3 10 CPSD (D5) 21     
IQR 11         




Classification Accuracy Results for Raw Data  
Optimization and Feature Selection  

The confusion accuracy with leave-one-observation-out cross 
validation method for each day along with monitoring the 
moisture content values for each day. 
Conclusion  
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In this paper, a novel and non-invasive method is presented using THz 
frequency for the characterisation of the plants’ leaves utilizing the 
electromagnetic parameters. 
 
Moreover, the loss of WC is also monitored for four days consecutively. It is 
observed that the WC in leaves show a strong correlation with the permittivity.  
The average decaying response observed from day 1 to 4 in permittivity is 
attributed to the loss of WC in leaves.  
 
Thus, the study showed that proposed machine learning technique using 
terahertz waves pave the way for establishing a novel, robust direction for 
assessing the real-time information of estimating a water content in leaves 
non-invasively. Thus, results in the paper also demonstrated that timely 
detection of water stress in leaves could help to take proactive action in 
relation to plants health monitoring, and for precision agriculture applications, 
which is of high importance to improve the overall productivity. 
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